The AI-2 interspecies quorum-sensing molecule is produced by the LuxS enzyme and has 25 been ascribed a role in virulence in several bacteria. The nosocomial pathogen 26
Introduction 47
The species Enterococcus faecalis belongs to the normal microbiota of the GI tract of 48 hosts as diverse as mammals and insects (Klein, 2003) . They are also found in a variety 49 of food products, namely milk and cheese produced in the south of Europe (Ogier & 50 Serror, 2007) . However, E. faecalis remains an important opportunistic pathogen and 51 represents one of the main causes of nosocomial infections in the USA and Europe. 52
Especially for immunocompromised patients, these infections include endocarditis, 53 peritonitis, visceral abscesses, urinary infections or septicemia (Arias & Murray, 2012) . 54
Although E. faecalis is found in disparate environments, these are similar in the sense 55 that they are all composed of multispecies communities. Recent years have been 56 successful in the discovery of intra and inter-species communication, which is 57 responsible for population density monitoring and for regulation of traits important for 58 pathogenesis. In order to be successful inside the host, pathogenic bacteria produce 59 virulence factors when they sense that it is worth to waste energy in their production. One 60 environmental factor monitored by many pathogens is population density, either of its 61 own population or of the population of a host's endogenous flora (Parker & supplemented with 0.5% glucose (2×YTGlu) broth, at 37°C, and the culture was 221 subsequently diluted 1:100 (v/v) in pre-warmed to 37ºC 2×YT broth. 200 μl of the diluted 222 cell suspension was used to inoculate sterile 96-well polystyrene microtiter plates 223 (Sarstedt, Nümbrecht, Germany). Biofilms were processed after 24 h incubation at 37ºC, 224 as described above. Each assay was performed in hexuplicate, repeated twice, and the 225 overall significance of the differences was determined by a two-tailed unpaired t-test. All 226 experiments included a blank well (medium without any inoculum). 227
Adherence assay: The ability of E. faecalis strains VE14089 and VE14089ΔluxS to 229 adhere to Caco-2 cells (obtained from the cell bank of the Centro de Investigaciones 230
Biologicas CIB-CSIC, Madrid) was determined as previously described (Olier et al., 231 2003) , with minor modifications. On 24-well tissue-culture plates, a 95% confluent 232 monolayer of Caco-2 cells was infected with an E. faecalis bacterial suspension, with a 233 corresponding multiplicity of infection (MOI) of ~50. Adhesion of E. faecalis cells to 234
Caco-2 cells was allowed to occur for 2 h at 37°C. They were then washed 3 times with 235 PBS. Adherent bacteria were harvested after lysis of the cell monolayers with Triton X-236 100 and suitable dilutions of the lysates were plated. The plates were subsequently 237 incubated for 24-48 h at 37ºC and CFU values for viable bacteria were determined. 238
Adherence assays were done in triplicate, and the overall significance of the differences 239 was determined by a two-tailed unpaired t-test. Approximately 4 × 10 6 bacteria were added to J774.A1 monolayers, to yield a MOI of 261 approximately 10, and were incubated at 37°C in 5% CO 2 atmosphere for 1 h to allow 262 bacterial adherence and entry, after which gentamicin (250 μg ml -1 ) was added to the 263 cultures to kill extracellular bacteria. At various time points after infection, 1% Triton X-264 100 in PBS was used to lyse cells. Lysates were then serially diluted and inoculated on 265
Brain heart infusion (BHI) (Oxoid Ltd, Basingstoke, England) plates to enumerate viable 266 intracellular bacteria. The assays were performed 5 times and results are reported as 267 intracellular Survival Index (SI), i.e. the per cent (mean) of the internalized CFUs at each 268 analyzed time post-infection that survived after phagocytosis. 269
270
Drosophila infection with E. faecalis. Drosophila infection was performed according to 271 Teixeira et al. (2013) . Oregon R male flies were injected with 50 nl of bacteria at OD600 272 0.02 from one of the strains, VE14089 and VE14089ΔluxS. As control, flies were injected 273 with the same volume of BHI medium. Male flies were anesthetized with CO 2 and the 274 injections were carried out with a pulled glass capillary needle using a nanoinjector 275 In order to assess LuxS activity in VE14089 strain, we measured the ability of this 287 bacterium to produce AI-2. Produced AI-2 concentrations were deduced from the 288 calibration curve shown in Figure 1 . As shown in Fig. 2A , cell-free culture supernatants 289 of the VE14089 strain induced a growth phase dependent signal, above the detection 290 method threshold, indicating that AI-2 molecules were produced by the VE14089 strain. 291
In contrast to VE14089 wild-type strain, no AI-2 activity was detectable in the 292 supernatant of the luxS mutant, regardless of cell density (Fig. 2B) . The luxS deletion 293 abolished the production of AI-2, demonstrating that LuxS is the key determinant in the 294 AI-2 production process in VE14089. 295
296

Exogenously added AI-2 does not complement luxS deletion 298
We were also interested in discriminating between the role of luxS and the ability of E. 299 faecalis to sense AI-2 as a quorum-sensing molecule. We thus performed a 300 transcriptomic analysis of VE14089, VE14089ΔluxS and VE14089ΔluxS supplemented 301 with DPD. From previous experiments (Fig. 2) , we knew that high AI-2 levels were 302 achieved in the transition between late-exponential and early-stationary phase. Thus, cells 303 were collected at late-exponential phase, which guarantees that, for the tested conditions, 304 AI-2 is present extracellularly for the parental strain and that a possible effect for its 305 presence may be monitored. The luxS mutant supplementation with DPD was performed 306 15 min prior to the cell harvesting, which did not notably interfere with VE14089ΔluxS 307 growth, and came close to the level observed for the parental strain (Fig. S1 ). We chose 308 to use synthetic AI-2 molecules in the form of DPD, as previously done in other studies 309 uniquely by the luxS mutation or by the luxS mutation along with the lack of extracellular 317 in vitro presence of AI-2, respectively. 318
Fundamental changes in gene expression were observed when comparing the wild-type 319 strain and luxS mutant, affecting a total of 113 genes of all 3114 chromosomal genes 320 present in the microarray, corresponding to 3.6% of the whole genome and considering 321 fold-change values above 5 (Table S1 ). The full 113 differentially regulated genes in the 322 luxS mutant, 70 upregulated and 43 downregulated, were found to be uniquely affected 323 by the luxS mutation, independently of DPD addition, when compared to the parental 324 strain. In fact, transcription patterns remained unaffected by addition of DPD to 325
VE14089ΔluxS, when compared to VE14089ΔluxS (Table S1 ), indicating the absence of 326 genes that could be responding to the signaling molecule AI-2. 327 328 luxS deletion affects expression of genes mainly involved in energy metabolism, 329
signal transduction and transport and binding 330
The luxS mutation resulted in changes in nearly every cellular process (Fig. 3) , and the 331 affected genes were distributed throughout the genome (Table S1 ). Unknown function or 332 hypothetical protein genes contributed the largest fraction, more than 35%, followed by 333 genes required for transport and binding, signal transduction, energy metabolism, cell 334 envelope, and regulatory functions. 335
In our study, most of the observed up-regulated genes in the luxS mutant, which also had 336 fold-change values above 10, had functions related with energy metabolism (Table 2 ). All 337 differentially expressed components of the phosphoenolpyruvate (PEP) transport system 338 (PTS) were strongly upregulated, between 5 and 75-fold. Overall, when compared to 339 VE14089 strain, the luxS mutant displays an increased transcription of genes involved in 340 the transport and utilization of less preferred carbon sources, including mannose, 341 cellobiose, mannitol, fructose, sorbitol/glucitol and gluconate. 342
343
In particular, in the luxS mutant, the E. faecalis branched-chain alpha-keto acid 344 dehydrogenase (BCKDH) complex, encoded by the gene cluster ptb-buk-bkdDABC 345 (ef1663-ef1658), was strongly up-regulated (Table 2) , indicating an increased usage of 346 branched-chain amino acid (BCAA). Altogether, the luxS mutant presents increased 347 carbon flux from sources other than hexose sugars that are rapidly depleted from 2×YT 348 growth media, to which no glucose was added. respectively, p0.05). Although we cannot establish a correlation between the Biolog 368 results and those of the transcriptomic analysis, due to different experimental conditions 369 intrinsic to the experimental setup, both assays allowed for detection of differences in 370 metabolism between the wild-type E. faecalis and the luxS mutant. 371 372 luxS does not affect traits known to be relevant to E. faecalis virulence 373
Besides the downregulation of some genes of the epa cluster (Table S1 ), namely ef2197, 374 none of the other potential virulence factors described by Manson & Gilmore (2006) 375 were significantly regulated in the luxS mutant. These findings suggest that LuxS/AI-2 376 system may not have implications for E. faecalis virulence. In order to confirm this, we 377 characterized the effect of the luxS deletion in VE14089 regarding traits that may be 378 involved in the host-pathogen relationship, such as host recognition, adhesion and 379 survival. For this purpose, four phenotypic experiments were carried out: biofilm 380 formation on an abiotic surface, adherence to Caco-2 cells, resistance to oxidative stress, 381 and survival inside macrophages. When using a two-tailed unpaired t-test, no significant 382 differences were observed between VE14089 and VE14089ΔluxS strains regarding 383 biofilm formation (Fig. 4A ), adhesion to Caco-2 cells (Fig. 4B ), H 2 O 2 challenge (Fig. 4C) , 384 survival inside macrophages (Fig. 4D ) and uptake by macrophages (8.2% uptake (± 2.5) 385 at MOI 12.2 (± 2.7) by VE14089; 7.7% (± 2.2) uptake at MOI 14.3 (± 2.6) by 386 VE14089∆luxS)) . Also, the luxS deletion did not affect growth of the mutant, having no 387 obvious difference in growth from mid-exponential onwards and reaching stationary 388 phase at the same time (Fig. S1 ). All these results indicate that, at least in the conditions The AI-2 activity in the culture supernatant of VE14089 was detectable from the mid-409 exponential phase onward, reaching maximum levels during late-exponential/early-410 stationary phase and then decreasing, while remaining higher than the basal levels 411 detected during lag phase. AI-2 internalization and possible subsequent modification,through an ATP-binding-cassette transporter Lsr has been described for Salmonella 413 enterica serovar Typhimurium (Taga et al., 2001) , and a bioinformatics analysis showed 414
that it is present also in other bacteria (Rezzonico &Duffy, 2008 ). This transport system 415 has been hypothesized to be a mechanism to control AI-2 levels in the vicinity of a cell or 416 to prevent AI-2 signaling by other bacterial species in its environment (Taga et results are most likely due to differences in experimental design. In their study the V583 529 strain was carrying a fully functional LuxS protein and therefore the role of the luxS gene 530
was not truly tested. Moreover, we used DPD whereas they used AI-2 prepared in vitro 531 from SAH which was enzymatically degraded by purified LuxS and Pfs enzymes. 532
Therefore, the two studies should not be compared. 533
LuxS activity in E. faecalis was shown to lead to production and extracellular release of 534 AI-2. Despite E. faecalis inability to sense this molecule, at least under the conditions 535 tested, it may be considered as an indicator of E. faecalis metabolic activity by other 536 bacteria able to sense AI-2 and respond to it. E. faecalis colonizes mainly environments 537 where multispecies communities are present, such as those in food, human gut and soil, 538 and often appears in polymicrobial infections. The fact that E. faecalis is unable to 539 respond to AI-2, either self or from others, does not mean that the self-produced AI-2 540 behaviors are possible when quorum-sensing is considered based on presence/absence of 544 three genetic loci: cooperation (production of a public good); production of the quorum 545 signal molecule; and response to the quorum molecule. According to this model, E. 546 faecalis would be considered a "liar" as it does not cooperate: it produces the quorum 547 signal, do not respond to it and no common goods appear to be produced. E. faecalis may 548 benefit from others by being non-cooperative but inducing others to change theenvironment for its own benefit. This behavior could also be called "cheating", so 550 defined when a cell does not cooperate, but benefits from public goods produced by 551 
